The three-dimensional propagation of electromagnetic waves in a distributed Schottky barrier transmission line is investigated. In one case, we show that the electromagnetic fields are similar to those that were originally obtained by Goubau and Schwering in their development of the beam waveguide. This case can lead to a very low-loss distributed Schottky barrier resonator.
Introduction
A Schottky barrier transmission line is created by depositing a thin metallic layer upon a semiconductor substrate-thereby forming a distributed Schottky barrier contact at the metalsemiconductor interface. A metallic ground plane is deposited beneath the semiconductor and creates an ohmic contact with the ground plane. The electrons in the semiconductor substrate region beneath the metallic strip diffuse instantaneously to either of the metallic plates. The result is that a depletion layer is formed just beneath the metallic strip. With the application of a reverse bias voltage to the electrode, this region of the substrate is quickly depleted of electrons. It has been found that there are three linear modes of propagation in a Schottky barrier transmission line [1] [2] [3] . These modes are the quasi-TEM, the skin effect and the slow wave modes. In the slow wave mode of propagation, the electric field is contained within the depletion region beneath the metallic strip. There is a large component of electric field in the direction of propagation in the slow wave mode. Following a suggestion of Hasegawa et al [1] , we study in detail one possible interaction between the slow wave mode and the particles.
In this paper, we focus our attention on the slow wave mode of propagation and investigate linear effects that may be encountered in the wave propagation due to variations in a plane that is transverse to the direction of propagation. We find that the amplitude and phase of the linear wave are modified as the wave propagates due to variations in the depth of the depletion layer. In addition, a distributed Schottky barrier resonator can be described due to the nonzero width of the depletion layer. The calculation and the results appear in section 2. Section 3 is the conclusion. 
Calculations and results
In figure 1 , a distributed Schottky barrier transmission line is depicted. The depth of the depletion layer depends upon the reverse bias voltage applied to the metallic strip-line as well as on the dimensions of the structure. In previous investigations, the waves have been assumed to propagate in only one direction, taken to be the z-direction [1] [2] [3] . The slow wave mode of propagation is defined in part by the depth of the depletion layer. This depth is taken to be in the y-direction. In previous calculations, the variation in the other transverse variable x has been neglected. In this paper, we include contributions arising from the inclusion of this additional transverse coordinate in the analysis.
It has been shown that there is a significant longitudinal component of the electric field in the slow wave mode and it V Ziegler and K E Lonngren can be expressed as [2] 
(1) The amplitude of the wave in the slow wave mode critically depends upon the depth of the depletion layer b 1 . This depth is in the y-direction. In our generalization of (1), we have also assumed that the amplitude of the wave A(x) depends upon the transverse coordinate x, which is in the direction of the width of the depletion layer. In order to examine the slow wave propagation in the depletion layer, we relate this component of the electric field to a problem in the diffraction of electromagnetic waves by a small aperture in a screen [4] . We consider that the slow-wave-mode component is incident upon an aperture whose dimensions are determined by the depth b 1 and the width w of the depletion layer.
This component can be calculated at other locations z using a modified form of the paraxial approximation [4] . The modification assumes that the wave is predominantly guided along the z-axis [5] . We assume that the aperture is located at z = −z 0 , and we desire to calculate the field at the location z = +z 0 .
We express the modified paraxial approximation as
Using the modified paraxial approximation, we can find the electric field of the slow wave mode at the location z = +z 0 to be 
In writing (3), we have assumed that the maximum value of the longitudinal component of the slow wave mode is at the centre of the depletion layer {b 1 /2, w/2}. We note that there are two quadratic exponential terms that are independent of the integration variables x and y . Removing these two terms from the integral, we write (3) as
In writing equation (4), we have separated the integrals over the two transverse coordinates x and y . Each of the integrals will be treated separately. The integration over the variable y can be performed using the method of the stationary phase theorem [6] . In this method, an asymptotic solution can be obtained for an integration performed in the complex plane. The variable y is contained in the interval
. The integration of (4) to
If the width w is sufficiently large, it is also possible to integrate equation (5) in the x variable. This integration follows the Goubau-Schwering ansatz [7, 8] .
In their calculation, they noted that the imaginary quadratic terms that appear in the exponential terms can be interpreted as just being phase correction terms in the variables x and x . These two terms were removed in the original beam waveguide application with a confocal lens at the location z = −z 0 and at z = +z 0 . In our application, these two phase correcting lenses are replaced with 'phase correcting mirrors'. Laboratory experiments performed at microwave frequencies attest to the validity of this approximation [9, 10] . Recent work also summarizes and extends these results [11] [12] [13] . After the removal of these two terms, we are left with an integral equation. This integral equation can be recognized as a Fourier transform in the limit w → ∞. A Gaussian distribution in x multiplied by a Hermite polynomial in x is a Fourier transform of itself. This implies that the distribution in the xcoordinate at the location z = +z 0 is equal to the corresponding distribution at z = −z 0 . Choosing different orders of the Hermite polynomial selects different resonance modes. The lowest-order Hermite polynomial is the constant 1. Therefore, this integral can also be performed.
The final solution for the lowest-order slow wave mode in a distributed Schottky barrier resonator can be written as
A sketch of a possible distributed Schottky barrier resonator is shown in figure 2.
Conclusion
We have demonstrated that the slow wave mode in a distributed Schottky barrier transmission line can have a threedimensional structure. In addition to the longitudinal direction of propagation, the wave amplitude and phase change due to the variation of the depth of the depletion layer. For distributed lines of sufficient width, it is also possible to postulate the existence of a distributed Schottky barrier resonator. The final solution that we have obtained is fairly complicated. However, we suggest that it may be of sufficient interest to warrant further investigation, in particular concerning its experimental feasibility.
